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ABSTRACT
Optimizing on-sky single-mode fiber (SMF) injection is an essential part of developing precise Doppler
spectrometers and new astrophotonics technologies. We installed and tested a prototype SMF injection
system at the Large Binocular Telescope (LBT) in April 2016. The fiber injection unit was built as
part of the de-risking process for a new instrument named iLocater that will use adaptive optics (AO)
to feed a high resolution, near-infrared spectrograph. In this paper we report Y-band SMF coupling
measurements for bright, M-type stars. We compare theoretical expectations for delivered Strehl
ratio and SMF coupling to experimental results, and evaluate fundamental effects that limit injection
efficiency. We find the pupil geometry of the telescope itself limits fiber coupling to a maximum
efficiency of ρtel ≈ 0.78. Further analysis shows the individual impact of AO correction, tip-tilt
residuals, and static (non-common-path) aberrations contribute coupling coefficients of ρStrehl ≈ 0.33,
ρtip/tilt ≈ 0.84, and ρncpa ≈ 0.8 respectively. Combined, these effects resulted in an average Y-band
SMF efficiency of 0.18 for all observations. Finally, we investigate the impact of fiber coupling on
radial velocity (RV) precision as a function of stellar apparent magnitude.
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1. INTRODUCTION
Adaptive optics (AO) correction translates directly
to increased spectral resolution, allowing spectrographs
on large telescopes to highly sample stellar absorp-
tion lines and monitor the evolution of wavelength-
dependent line asymmetries (Crepp 2014). Diffraction-
limited observations permit the use of a single-mode
fiber (SMF), which transmits only a single propagation
mode and translates into several benefits for RV instru-
ments: 1) Stabilizing the instrument point spread func-
tion (PSF) and eliminating modal noise entirely (Sny-
der & Love 1983; Robertson & Bland-Hawthorn 2012);
2) The small core diameter of the SMF enables ultra-
high spectral resolution (R > 200k) with a compact
diffraction grating, effectively miniaturizing the spectro-
graph (Jovanovic et al. 2016a); 3) High spectral resolu-
tion permits the measurement and possible correction
of stellar noise (Davis et al. 2017) ; and 4) High spatial
resolution from AO systems allows for the confirmation
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of (transiting) planets in multiple stars, in particular
which star(s) hosts the planet(s) (Ciardi et al. 2015).
However, with the introduction of a SMF, there are
new spectrograph calibration effects to consider. In par-
ticular, birefringence is a property of SMFs that can re-
sult in variable polarization states propagating through
the fiber. This effect, outlined in Halverson et al. (2015),
scales with the degree of polarization ranging from 10
cm/s for weakly polarized light (≈1%) to several m/s
for strongly polarized light (≈100%). Characterization
of birefringence in SMF feeds and mitigating the impact
on RV is an on-going area of research (Bechter et al. in
prep)
With a core size of only≈ 5-10 µm,1 injecting starlight
from a telescope directly into SMF’s is non-trivial, re-
quiring exquisite beam control (Serabyn et al. 2010; Jo-
vanovic et al. 2014). Developing an efficient SMF injec-
tion system thus represents a critical step in realizing the
potential of a diffraction-limited spectrograph capable of
extremely precise Doppler RV measurements (Bechter
et al. 2015; Blake et al. 2015; Bechter et al. 2016, 2019).
1 For comparison, multi-mode fibers generally have core diame-
ters in the range of d = 50−200 µm for astronomical applications.
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SMFs also show promise to be beneficial in non-
traditional astronomical instruments. The small core
diameter enables high-spatial resolution filtering of the
input field, a particularly important feature for high
dispersion coronagraphy, exoplanet atmospheric charac-
terization, and fiber-nulling (Mawet et al. 2017; Wang
et al. 2017). In addition, single-mode devices are an inte-
gral part of the emerging astro-photonics field, including
fiber-based wavefront sensing and photonic reformatters
(Bland-Hawthorn et al. 2010; Hottinger et al. 2018; Har-
ris et al. 2018).
The challenge for all SMF-fed astronomical instru-
ments is to efficiently inject starlight into the fiber. In
order to couple and propagate light through a SMF with
minimal loss, the incident complex electric field from a
telescope must be precisely matched to the boundary
conditions of the SMF. Specifically, achieving high cou-
pling efficiency depends on the properties of the inci-
dent complex electric field in addition to the intensity
field distribution of the fiber acceptance mode (Shak-
lan & Roddier 1988; Ruilier & Cassaing 2001). These
mode-matching conditions dictate an optimal incident
beam must have: a flat wave front, Gaussian ampli-
tude distribution matching the fiber mode shape, and
a beam angle that does not exceed the fiber diffraction
angle. Deviations from these conditions degrade cou-
pling efficiency into the fiber. On a ground-based tele-
scope, an AO system is essential for matching the PSF to
the fiber by correcting wavefront errors caused by atmo-
spheric distortions in the input electric field. Moreover,
Phase-Induced Amplitude Apodization (PIAA) optics
have been shown to further optimize mode-matching
by remapping diffraction effects from the telescope sec-
ondary mirror and support structures to reshape the
telescope PSF with a more Gaussian-like amplitude dis-
tribution (Guyon 2003; Jovanovic et al. 2016b).
A forerunner SMF-injection system has been under
development for “iLocater”: a diffraction-limited RV
spectrometer that utilizes AO to inject starlight into
SMF’s at the Large Binocular Telescope (LBT) (Crepp
et al. 2016). In April 2016, six half-nights of observa-
tions were scheduled to perform initial tests with a SMF
injection prototype called the “iLocater Demonstrator.”
The demonstration system was installed on the DX side
(right side) of the LBT and uses one of the LBTI pyra-
mid wavefront sensors(Esposito et al. 2010).
The demonstrator system consisted of three optical
channels shown in Figure 1; Light from the telescope
was first collimated at the entrance of the optical system,
referred to as the “common optics channel.” This chan-
nel is partitioned using collimated light and a dichroic
beamsplitter into a “fiber coupling channel” and “imag-
Figure 1. A simplified cartoon of the AC demonstration
system showing only the essential optical components. All
wavelengths (yellow) propagate initially through the optical
train. A beamsplitter directs Y- and J-band light toward
the fiber arm (green). Shorter wavelengths are transmitted
through the beamsplitter to the imaging arm.
ing channel.” The fiber coupling channel consists of a
pair of lenses for fiber injection and retractable pick-off
mirror to measure the incident optical power in the Y-
band. The imaging channel was used to monitor the
PSF in the I-band. Details of the demonstrator optical
and mechanical design as well as initial commissioning
measurements can be found in Bechter et al. (2015) and
Bechter et al. (2016), respectively.
In this paper we characterize the spatial and tempo-
ral performance of SMF coupling efficiency and the LBT
AO system using on-sky observations and day-time en-
gineering tests. We describe the methodology used to
measure SMF coupling efficiency and reduce additional
diagnostic image data in §2. We provide a summary of
observations in §3. On-sky SMF coupling efficiency is
presented in §4. Relationships between fiber coupling
efficiency, telescope pupil geometry, AO correction and
tip-tilt residuals are derived in §5, §6, and §7 respec-
tively. We further estimate the impact of static aberra-
tions and demonstrate a first step for mitigation using
phase retrieval in §8. Finally we translate fiber coupling
losses to RV uncertainty and estimate limiting magni-
tudes in §9.
2. PROCEDURE
The primary goal of this study is to: (i) report SMF
coupling efficiency in the Y-band; and (ii) quantify spe-
cific fiber coupling losses. SMF coupling efficiency in the
demonstrator system was measured by dividing the total
power output through the SMF by the incident power
measured at the SMF tip using a pair of calibrated pho-
todiodes. This ratio provides an “instantaneous” cou-
pling efficiency, which serves a baseline measurement for
3Table 1. Observing Summary
ID Sp. type V J AO modes Seeing (”) Airmass Y-band SMF coupling(%) I-band Strehl (%)
HD 89758 M0 III 3.05 0.10 153/300 1-1.5 1.04/1.01 8/12 ±2 19/20
HD 97778 M3 IIb 4.63 1.05 300 1 1.04 12 ±2 12
NSV 19434 M7 10.2 2.19 300 - 1.01 11 ±2 7
SA0 82686 M4 9.76 2.75 300/400 - 1.02 22/23 ±2 26/27
HD 113496 M3 7.50 2.75 400 0.8 1.09 22 ±2 26
Note—Summary of observations including stellar parameters, telemetry, and relevant instrument measurements. Spectral
type and apparent (V , J) magnitudes are quoted from SIMBAD. AO modes refers to the number of correcting elements
applied on the adaptive secondary mirror. Missing entries in seeing data are due to corrupt data; however, during periods
of stable seeing ≤ 1”, up to 400 modes were used, as opposed to 153-300 modes when the seeing was in the range 1.0”-1.5”
or less stable. Repeated observations with different AO modes are indicated with a slash. The AO loop frequency on all
targets was 990Hz with 1x1 pixel binning. Strehl ratios and fiber coupling values are averaged over an entire observing set
(5-30 min).
understanding coupling losses and directly informs sci-
ence performance predictions.
The theoretical SMF coupling efficiency, ρth, is com-
puted from the normalized overlap integral between the
telescope pupil function and the projected fiber mode in
the pupil plane:
ρth =
∣∣∣∣ 〈 Etel(u) | Ef (u) 〉|| Etel(u) ||.|| Ef (u) ||
∣∣∣∣2 , (1)
where Etel(u) is the complex pupil function of the tele-
scope and Ef (u) the complex conjugated fiber mode
propagated to the pupil plane (Ruilier & Cassaing 2001).
However, without full knowledge of the complex elec-
tric field, we must characterize fiber coupling losses ex-
perimentally using quantities that are measured in our
system. To do this, we consider both dynamic and static
sources of error. Dynamic terms include imperfect wave-
front correction from the AO system (Strehl ratio) and
residual tip-tilt errors. Static terms are characterized
based on telescope pupil geometry, fiber misalignment,
and non-common path aberrations (NCPA). We inves-
tigate these possible sources of loss using diagnostic im-
ages recorded contemporaneously with fiber coupling.
The effects of degraded throughput are considered us-
ing four separable terms derived from diagnostic data:
ρ = ρ(Strehl)ρ(tip/tilt)ρ(tel)ρ(ncpa), (2)
where Strehl is the Strehl ratio, tip/tilt represents tip-
tilt residuals, tel is the telescope pupil geometry, and
ncpa represents static aberrations. Static errors include
NCPA resulting from optical alignment errors, high or-
der terms from optical surface quality, as well as defo-
cus errors (Z4) introduced by fiber misalignment. Each
parameter in Equation 2 is quantified as an equivalent
fiber coupling value, e.g. measured tip-tilt residuals in
the focal plane are translated to a fiber coupling coeffi-
cient of ρtip/tilt = 0.84. These parameters derived from
diagnostic data are used to inform the complex electric
field model of the fiber and telescope beam at the pupil
plane.
Finally, fiber coupling results from this analysis are
used to inform simulations of Doppler spectroscopy un-
der similar observing conditions. As fiber coupling losses
reduce observational efficiency and degrade RV preci-
sion, characteristic values are included in end-to-end in-
strument simulations that model signal to noise ratio of
a simulated stellar spectrum. These simulations calcu-
late the photon-noise-limited RV precision as a function
of apparent magnitude for a diffraction-limited spectro-
graph at the LBT. These predictions are used to derive
the relationship between fiber coupling efficiency and
limiting apparent magnitude.
3. OBSERVATIONAL SUMMARY
We report on-sky measurements from April 2016 for
five different stars observed with apparent magnitudes
ranging from V = (3.05−10.2) in seeing conditions from
θ = (0.8 − 1.5)”. Observations of bright, mid-late M-
type stars were recorded to provide high signal-to-noise
(SNR) ratio in the fiber coupling channel, λ = (970 −
1065) nm, while varying the SNR in the wavefront sens-
ing channel, λ = (400 − 970) nm. Data sets for each
star include simultaneous measurements of the Y-band
SMF coupling efficiency, high speed imaging data in the
I-band, and wavefront sensor (WFS) telemetry.
A summary of results from the final night of the 2016
observing run is shown in Table 1. Observations of each
star were limited to 2-30 minutes to minimize the effects
of instrument flexure and changing airmass as there was
4 Bechter A. et al.
no active beam stabilization or continuous atmospheric
dispersion correction in the prototype system. Measured
Y-band SMF coupling efficiency ranged from 8 - 23%
with I-band Strehl ratios from 7-20% while using 153-
400 AO modes (400 was the maximum number of modes
in 2016). Although the apparent visual magnitude dif-
fered by as much as ∆V = 7.15 for the various targets,
AO correction was limited primarily by atmospheric see-
ing conditions and not flux on the WFS.
To achieve AO correction, the LBT adaptive sec-
ondary mirror has N=672 actuators and operated with
a bandwidth of 990Hz in 2016 (Esposito et al. 2010).
Recently at the LBT, the SOUL AO upgrade has in-
creased the pupil sampling in the WFS and improved the
bandwidth (Pinna et al. 2016). For comparison, other
AO systems with plans to use SMF units include the
Keck Planet Imager and Characterizer (KPIC), which
has N=1156 actuators (34x34) and 1500Hz bandwidth,
as well as the PALM3000 at the Hale Telescope which
has N=2500 actuators and 2000Hz bandwidth (Mawet
et al. 2017; Dekany et al. 2013). Future extremely large
telescopes will have significantly more actuators to ac-
count for larger primary mirrors: the TMT is will in-
clude approximately 8000 actuators, whereas both the
ELT and GMT have plans to use 5000 actuators respec-
tively (Hippler 2018).
4. FIBER COUPLING EFFICIENCY
The instantaneous fiber coupling efficiency of three ob-
servations are shown in Figure 2. In each case, the peak
coupling (25%, 17% 12%) occurs near the start of the
observation and degrades with time. This is expected
due to the lack of active beam stabilization to correct
for beam wander and degrading atmospheric dispersion
correction. The average coupling efficiencies over 180
seconds for the 400 modes, 300 modes, and 153 modes
are 23%, 12% and 8% respectively. As one would ex-
pect, the average fiber coupling efficiency is related to
the number of AO modes (Figure 2 and Table 1). This
follows our understanding of theoretical SMF injection
as higher order correction on the adaptive secondary
mirror should provide better wavefront correction, im-
proving the Strehl ratio and fiber coupling efficiency.
Although more correcting modes with HD 113496 im-
proves the average coupling efficiency, significant tempo-
ral variability is present as both stars show similar levels
of dynamical loss. The relative scatter is similar in each
case with σrms = 1.57% at 400 modes, 1.73% at 300
modes and 1.75% at 153 modes over the 3 minute inter-
val. This suggests the cause of dynamical fiber coupling
loss may be dominated by effects independent of AO cor-
rection. However, the effects of high order wave front
correction and tip-tilt residuals are difficult to disen-
tangle from each other in fiber coupling efficiency data.
Therefore we require additional diagnostic data to break
the degeneracy and quantify the impact of wave front
correction and tip-tilt individually.
5. PUPIL GEOMETRY
A typical telescope pupil is modeled as a large circular
aperture from the primary mirror with a smaller central
obstruction from the secondary mirror. Support struc-
tures for the secondary and tertiary mirrors, sometimes
referred to as spiders, are also visible in the pupil. To
first order, this pupil geometry causes diffraction only.
Diffraction displaces energy from the PSF core into the
Airy rings where the amount of displaced energy in-
creases with the ratio of the secondary to primary mirror
diameter. These effects reduce mode-matching, placing
an upper limit on SMF coupling efficiency.
In the case of a perfectly corrected wave front, diffrac-
tion effects from the secondary limit the maximum
achievable fiber coupling efficiency to ρtel = 0.78. This
theoretical value of ρ represents the maximum achiev-
able SMF coupling and is used as a normalization factor
throughout the remainder of this work. We calculate
ρ using Equation 1 with a secondary mirror blocking
fraction of 11% and fiber mode-field diameter (MFD)
of 5.8 µm. Additional diffraction caused by support
spiders removes light from the PSF core. Both the sec-
ondary and tertiary support structures at the LBT have
a (projected) width of approximately 8% that of the
secondary diameter and form an 18-degree wedge angle.
Supports degrade the maximum fiber coupling efficiency
by 2-3%.
Light located in the Airy rings cant be coupled into
SMFs with standard optics, accounting for ≈ 20% of
the total power. Phase Induced Amplitude Apodiza-
tion (PIAA) optics remap starlight from the Airy rings
back into the PSF core and have been tested with SMF
injection (Jovanovic et al. 2017). PIAA optics are con-
sidered a future upgrade for SMF injection at the LBT
in the case that fiber coupling is limited by diffraction as
opposed to AO correction. Although PIAA optics com-
bined with a flat wavefront improve coupling, Strehl ra-
tios above 80% are warranted (Sivaramakrishnan et al.
2001).
6. STREHL RATIO
The Strehl ratio is an extremely useful parameter
when assessing SMF injection as it is proportional to
the maximum achievable coupling efficiency (Wagner &
Tomlinson 1982; Ruilier & Cassaing 2001). The Strehl
is also a convenient parameter to summarize wavefront
5Figure 2. Instantaneous coupling efficiency of three observations: HD 113496 (Red) with 400 AO modes correction, HD 89758
with 300 AO modes (Green), and HD 89758 with 153 AO modes (Purple). Shaded regions indicate uncertainty in the instan-
taneous measurement.
errors (WFE) and can be computed from contempora-
neously recorded imaging data. Importantly, we dis-
tinguish between the maximum achievable coupling effi-
ciency and measured coupling as other instrumental and
telescope effects may degrade fiber coupling without im-
pacting the Strehl ratio.
In the demonstrator system, the Strehl ratio is mea-
sured at λ = 800nm by computing a theoretical diffrac-
tion pattern using a simulated LBT pupil function ac-
cording to our PSF sampling (fλ/D = 6.9 pixels). Both
measured and simulated frames are tip-tilt centered,
normalized and fit with a 2D Gaussian function to find
the maximum amplitude. The PSF centroid is found us-
ing the flux weighted image center, followed by Fourier
shift to center the PSF in the image frame to remove
tip-tilt. This is followed by a 2D Gaussian fit to the
PSF core in each frame to calculate the PSF amplitude.
The Strehl ratio is then calculated as:
SR =
I(x = 0)
ΣI
ΣP
P (x = 0)
, (3)
where I is the measured intensity and P is the simulated
intensity of the diffraction pattern and x = 0 is the
center of the image (Roberts, Jr. et al. 2004).
6.1. Instantaneous Strehl ratio
A time series of Strehl ratio values and fiber coupling
for HD 89758 at 300 modes is shown in Figure 3. The
Strehl ratio (blue) is overlaid with normalized fiber cou-
pling (red) after being temporally synchronized. The
Strehl ratio average is 18% with an rms of 5%, with
distinct features at 500 and 800 seconds. In a similar
fashion to the instantaneous fiber coupling in Figure 2,
Strehl ratio variations are a combination of low ampli-
tude jitter and higher amplitude drifts.
To quantify the linear dependence of temporal fluctua-
tions in Strehl ratio and fiber coupling data we calculate
the correlation coefficient, γStrehl. A coefficient of 0 indi-
cates no correlation while ±1 indicates completely pos-
itive correlation/anti-correlation. To compute γStrehl,
the Strehl ratio and fiber coupling efficiency are nor-
malized by mean subtracting and dividing by the stan-
dard deviation. Next, data are time synchronized using
cross-correlation to remove lag-time offset introduced by
slight clock time differences in each data set. A moving
average filter is also applied to match the Strehl ratio
sampling to fiber coupling bandwidth. Visually the sig-
nals in Figure 3 show a very clear positive correlation,
especially considering the slow drift of each signal over
the full 13 minutes. Formally, a correlation coefficient,
γStrehl = 0.77, is calculated for HD 89759, data set V
(see Appendix A) where γ ≥ 0.7 is typically considered
very strong statistical dependence.
The correlation between Strehl ratio and fiber cou-
pling is calculated for all observations in Table A. All
stars indicate fiber coupling efficiency is strongly corre-
lated with instantaneous Strehl ratio, with an ensem-
ble average γStrehl ≥ 0.70. This is in agreement with
the theoretical relationship between fiber coupling and
Strehl and confirms the ‘instantaneous’ Strehl ratio ac-
counts for the majority of low frequency temporal varia-
tions in the fiber coupling efficiency for all observed stars
with varying number of AO modes, seeing, airmass, and
brightness.
6.2. Limitations set by Strehl ratio
Comparing Strehl ratios with fiber coupling provides
an estimate of how closely each observation was to the
theoretical limit set by AO correction. To more easily
quantify performance, we rescale the Strehl from the I-
band to the fiber coupling wavelength band (Y -band)
and normalize the fiber coupling efficiency to the maxi-
mum possible efficiency according to the telescope pupil
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Figure 3. I-band Strehl Ratio an fiber coupling time series over a 13 minute observation for HD 89758, Set V (see Table A
for full details). The correlation coefficient is computed to be γStrehl = 0.77, indicating a strong positive correlation between
instantaneous fiber coupling efficiency and Strehl ratio.
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Figure 4. Average Y-band coupling efficiency vs. Y-band
Strehl ratio for each observation in Table 1. Fiber coupling
efficiency is normalized to the maximum theoretical efficiency
(78%) and the Strehl ratio has been re-scaled to estimate the
Y-band Strehl ratio from I-band measurements. A linear fit
indicates the instrument coupled approximately 60% of the
available light.
geometry in Equation 1 (i.e., a maximum of 78%).2. In
doing so, we establish a 1:1 relationship between the
adjusted Strehl ratios and fiber coupling.
Results are shown in Figure 4. In general, observa-
tions with 400 AO modes performed more closely to the
theoretical limit than 300. For well corrected stars, the
Strehl was∼45% which corresponds to a non-normalized
maximum fiber coupling efficiency of ρmax = 0.35 with
the pupil geometry of the LBT. Observations with worse
AO correction had a Strehl ranging from 20-36% with
ρmax = 0.15 − 28. Interestingly we find HD 89758 cou-
pled significantly less light using 153 AO modes than
with 300 modes despite achieving similar Strehl r.atios.
2 The measured I-band and rescaled Y-band Strehl ratios are in
agreement with Strehl ratios at the LBT presented in Pinna et al.
(2016)
Following the formalism of Equation 2, we calculate
ρStrehl = 0.20− 0.45.
Fiber coupling degradation beyond values predicted
by the Strehl can be estimated by computing a linear
fit, as shown in Figure 4. A fit value of 58 ± 8%, indi-
cates the demonstrator typically coupled just over half of
the available light as predicted by the Strehl ratio. This
suggests additional factors degraded the fiber coupling
efficiency by an additional 40%. Furthermore, while the
measured correlation is very high, additional effects im-
pacting fiber coupling are evident in Figure 3, where the
fiber coupling deviates significantly from the Strehl ratio
at 440 seconds and 850-920 seconds. These unaccounted
variations are most likely the result of large amplitude
misalignment of the PSF and fiber and are investigated
in §7 and §8.
7. TIP-TILT RESIDUALS
Residual tip-tip errors may be the consequence of un-
corrected atmospheric turbulence, over-driving the AO
system, telescope vibrations, or combinations thereof.
To understand the effects of tip-tilt motion we investi-
gate the temporal and spatial domains of the PSF. The
PSF centroid is found using a 2D Gaussian fit to the PSF
core in each frame. We characterize the tip-tilt signal in
terms of a scatter amplitude, σtip/tilt, and drift term, δ,
where δ is measured by applying a low-order polynomial
fit. The slope is a measure of the angular centroid ‘drift
per unit time’ and σtip/tilt, is calculated by taking the
rms of centroids after subtracting the mean.
The tip-tilt time series for HD89758 SetV is shown
in the top panel of Figure 5 with a sampling frequency
of f = 120 Hz. HD89758 SetV is measured to have
a drift of δ = 0.1 mas/minute and scatter amplitude
of σtip/tilt = 10.5 mas measured over 13 minutes. In
contrast to the Strehl ratio, the tip-tilt signal does not
contain significant low frequency components (f ≤ 1
Hz).
Day-time engineering tests were analyzed to under-
stand the LBT AO system and telescope vibrations at
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Figure 5. Top: Tip-tilt time series calculated from HD 89758 SetV PSF centroids. Tip-tilt peaks located at 400, 800,
and 900 seconds are due to poor AO correction. Bottom: Normalized Tip-Tilt and Fiber coupling signal. Each signal is
mean subtracted, normalized by the standard deviation, and cross correlated to remove sensor lag offset before computing the
correlation coefficient. A correlation coefficient of γtip/tilt = 0.56 suggests a moderate linear relationship between fiber coupling
and PSF location.
higher SNR, and sampling frequency without the atmo-
spheric turbulence effects. By closing the AO loop using
a bright λ = 1064 nm calibration source, we sample the
PSF at f = 3 kHz. Day-time tests are referred to as
closed-dome SX and DX (Appendix A and correspond
to the left and right side of the LBT respectively.
A summary of centroid drifts is shown in Table A.
The average drift is δ = 0.74 ± 0.88 mas/minute for
on-sky data and δ = 2.43 mas/minute for closed dome
measurements. For both on-sky and closed dome pixel
scales (2.87 and 3.92mas/pixel respectively), δ ≤ 2 − 3
mas/minute corresponds to an extremely small motion
at the sub-pixel level. Thus the average PSF centroid re-
mained in an almost constant location throughout short
observations, and atmospheric turbulence and telescope
elevation (i.e. instrument flexure) did not cause signifi-
cant PSF drift over fiber coupling timescales.
The correlation between fiber coupling and tip-tilt
signal for HD 89758 SetV is shown in the bottom
panel of Figure 5 where the centroid sampling has been
down-sampled to match fiber coupling measurements.
The tip/tilt correlation in Figure 5 is measured to be
γtip/tilt = 0.56. An ensemble average of γtip/tilt = 0.46
for all observations which suggests a positive, moderate
overall correlation between fiber coupling and PSF lo-
cation. Occasionally, the tip-tilt signal also accounts for
some distinct high amplitude fiber coupling losses, not
captured by the Strehl ratio. Examples of these regions
are shown in the bottom panel of Figure 5 at 450 sec-
onds and 850-920 seconds where dominant tip-tilt losses
are captured by the fiber coupling data.
Overall, we find the measured tip-tilt residuals do not
correlate as strongly with fiber coupling as the Strehl
ratio. However, high frequency components present in
the tip-tilt signal, but not present in fiber coupling data,
are likely due to a bandwidth limitation of the photo-
diode electronics (f ≤ 1 − 5 Hz). Further observations
with higher sampling rates of fiber coupling data are
expected to provide a better understanding of high fre-
quency (f ≥ 1Hz) tip-tilt variations. With a higher fiber
coupling bandwidth (i.e. f ≥ 30 Hz) we would expect
to capture more high frequency information through the
fiber and perhaps measure a stronger correlation be-
tween PSF position and fiber coupling.
7.1. Limitations set by Tip-tilt
To visualize tip-tilt amplitudes we show the 2D cen-
troid scatter for SAO 82686 SetII in Figure 6. The cen-
troid distribution is approximately a circular Gaussian
with a slight elongation at 45◦. An average characteris-
tic scatter corresponding to the 1σ Gaussian width pa-
rameter is σtip/tilt = 7.37 mas with the FWHM = 17.4
mas. For comparison, the angular projection of the
SMF mode-diameter is about 42 mas at λ = 1µm and
σtip/tilt ≈ 1/6 fiber diameters.
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Figure 6. Centroid scatter plot for SA0 82686 II Set. σx =
7.66 mas and σy = 7.09 mas correspond to the standard
deviation of the centroid scatter. The maximum deviation
in x, y directions is 59.61, 57.76 mas respectively. Horizontal
and vertical histograms indicate the spatial distribution is
near Gaussian. Contour lines (–) show normalized coupling
efficiency of 0.90 and 0.50 for a given tip-tilt amplitude.
For a fiber that is perfectly centered on the mean scat-
ter position, we compute the normalized fiber coupling
coefficient, ρtip/tilt, in the presence of tip-tilt errors. To
do this we first compute an equivalent WFE (Z2, Z3) in
the pupil plane that results in the measured σtip/tilt in
the focal plane, and then calculate ρ according to Equa-
tion 1. Using this technique we calculate contour lines
of 1 and 2.33σtip/tilt which correspond to ρtip/tilt = 0.90
and 0.50 respectively and are shown in Figure 6 .
A summary of centroid scatter measurements can be
found in Table A. The characteristic on-sky scatter has
an ensemble average of σtip/tilt = 8.8 ± 2.3mas which
is equivalent to 1/5th of a fiber diameter and a fiber
coupling loss of 16 ± 7%. Following the formalism of
Equation 2, we conclude ρtip/tilt = 0.77− 0.91.
7.2. Telescope Vibrations
Vibrations at the LBT are present on the telescope
structure supporting the primary, secondary and ter-
tiary mirrors and are not entirely corrected by the LBT
AO system. A power spectrum computed from our on-
sky x- and y-centroid time series is shown in the left
panel of Figure 7. We identify sharp vibration signatures
in the 10-30Hz band as well as the 50-60Hz band. This
strongly indicates residual tip-tilt errors in the demon-
strator system were impacted by telescope vibrations
and supports findings suggested by the closed-dome and
on-sky tip-tilt amplitudes.
The cumulative PSD (right side of Figure 7) reveals
60-70% of the vibration energy is contained in the 0-
30 Hz band and an additional 30% in the 50-70 Hz
band. This distribution of energy calculated from cen-
troid positions in demonstrator focal plane is in agree-
ment with both LBT WFS and accelerometer measure-
ments in Esca´rate et al. (2018). This further validates
our findings that tip-tilt residuals originate from tele-
scope vibrations.
To address telescope vibrations, mitigation techniques
within the fiber injection module will be tested in 2019
with a goal of targeting vibrations in the 0-30 Hz band.
These test runs will include the use of a fast tip-tilt
mirror and IR quadcell photodiode. Beam stabilization
with a quadcell will also be compared to tip-tilt cor-
rection using a prototype photonic device described in
Hottinger et al. (2018).
8. STATIC ABERRATIONS
Static aberrations are typically introduced by non-
common optical paths between the wavefront sensor
(WFS) and science instrument. In this instance how-
ever, we refer to NCPA as the difference in WFE be-
tween the demonstrator imaging channel and fiber chan-
nel. The slow lenses in the imaging channel used to com-
pute the Strehl impart a small WFE and are easier to
align than the highly curved surfaces of the fast lenses
in the fiber channel. Additional static aberrations may
also be introduced by mismatches between the fiber tip
and incident beam. Thus, WFE in the imaging channel
should be considered a lower limit on the WFE at the
fiber tip.
We approximate the sensitivity of the system to static
aberrations by calculating theoretical coupling efficiency
for the first several Zernike modes. To do this, we propa-
gate the SMF Gaussian mode from the focal plane to the
pupil plane and calculate the overlap integral of the fiber
mode with the telescope pupil function in Equation 1.
Using this methodology, physical fiber alignment errors
in the focal plane such as lateral and focus misalignment
manifest as low order static aberrations. Figure 8 shows
the relationship between rms WFE, σrms, and normal-
ized fiber coupling efficiency. Most Zernike terms de-
grade fiber coupling similarly whereas Astigmatism (Z5)
and Trefoil (Z9) degrade more slowly with WFE. The
Strehl ratio is calculated using the Mare´chal approxima-
tion, where σrms = 0.5, 1 is equivalent to sr = ρncpa =
(0.80, 0.40) (Ross 2009).
The remaining fiber coupling loss not accounted for by
the Strehl or tip/tilt residuals can be explained with ei-
ther a lateral or focus misalignment of the SMF. For an
exclusively lateral or focus error to induce a 20% injec-
tion loss, static WFE with an amplitude of σrms = 0.5
in either Z(2,3) or Z4 could be present. In the case
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Figure 7. Left: Tip-tilt power spectral density of HD89758 with 300 AO modes. Sharp peaks are present in both axes from
10-30 Hz and 50-60 Hz. Right: Normalized cumulative tip-tilt PSD. Approximately 70% of the energy is contained within the
0-30 Hz band. The remaining energy is concentrated from 50-60 Hz.
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Figure 8. Fiber coupling vs. rms WFE (σrms) as a function
of pure Zernike modes and the Strehl ratio. Zernike modes
are numbered according to the Noll index (Noll 1976).
of a pure lateral misalignment, this WFE translates to
∆x = 1.4 µm in the focal plane, or about 1/4th of the
physical fiber core diameter. The equivalent defocus er-
ror in waves is calculated according to:
D =
∆z
8λF 2
, (4)
where ∆z is the physical distance moved along the op-
tical axis, λ is the wavelength, and F is the focal ra-
tio. Using Equation 4, and scaling σrms = 0.5 to P-
V WFE in waves, a defocus error of ∆z = 125 µm
degrades fiber coupling efficiency by 20%. The total
static WFE however, is likely a combination of focus
and alignment errors, combined with higher order sur-
face errors. Following the formalism of Equation 2, we
estimate ρncpa ≈ 0.8.
8.1. Phase Retrieval
NCPA’s degrade Strehl ratio and reduce fiber coupling
efficiency. To overcome this problem, phase retrieval al-
gorithms can be used to reconstruct the electric field
phase after the WFS and apply appropriate offsets to
the adaptive secondary mirrors for optimal correction
in the science instrument. In the fiber injection system,
these algorithms can be implemented in the fiber chan-
nel and imaging channel to correct for static aberrations
and boost coupling efficiency closer to the theoretical
maximum.
The Modified Gerchberg-Saxton (MGS) phase re-
trieval algorithm is a method that iteratively recon-
structs the electric field phase by introducing known
perturbations (diversity) to the system and imposing
constraints on measured intensity (Green et al. 2003).
The algorithm provides a numerical estimate of the opti-
cal path difference (OPD). MGS has been demonstrated
to significantly boost the Strehl ratio in astronomical
applications including at Palomar Observatory(Burruss
et al. 2010).
We demonstrate the principle of phase retrieval at the
LBT using a calibration source and camera that scans
through a focal plane located after the WFS. Symmetric
pairs of images are recorded around focus to introduce
a known diversity and constrain the electric field ampli-
tude. The OPD is reconstructed by iteratively propa-
gating between the out of focus plane and in-focus plane
for each image. After each propagation, an estimate of
the phase is obtained as the known amplitude at each
plane is re-imposed (Bikkannavar et al. 2010). Repeat-
ing this process allows the MGS algorithm to converge
on an estimate of the OPD.
Figure 9 shows the comparison between a measured
and predicted out of focus PSF. The right panel shows
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Figure 9. Left: Measured PSF at the LBT with 1 wave (12mm) of defocus using a λ = 1064 nm calibration source. Middle:
Predicted PSF from the MGS algorithm Right: Reconstructed WFE in the pupil plane.
the OPD with σrms = 87.7nm, which is equivalent to
a Strehl ratio of 0.76. To validate this method, we
compare to the in-focus PSF Strehl ratio which is mea-
sured to be 0.83. Future experiments will aim to im-
prove phase retrieval measurements by increasing diver-
sity and applying offsets to the adaptive secondary mir-
ror to correct the measured OPD. This approach will
facilitate maintaining optimal image quality over sea-
sonal thermal changes and realignments of the incident
beam to the fiber injection system.
9. RADIAL VELOCITY IMPACT
We investigate the impact of fiber injection losses on
RV precision for iLocater at the LBT using the results
from previous sections. RV uncertainties are calculated
from end-to-end instrument simulations of the stellar
spectrum across iLocater’s 36 spectral orders (Bechter
et al. 2018, 2019). The simulations utilize fiber coupling
coefficients: ρtel, ρncpa, ρtip/tilt as well as the modeled
Strehl ratio to determine a variable chromatic coupling
efficiency for a given spectral type and apparent magni-
tude. The variable coupling efficiency is combined with
the static iLocater instrument throughput terms to de-
termine the signal to noise ratio (SNR) of a given spec-
trum.
The photon-noise-limited RV precision, σph, is esti-
mated using the formalism of Butler et al. (1996),
σph =
1√∑(dI/dV
I
)2 , (5)
where dI/dV is the slope of the measured stellar inten-
sity as a function of wavelength (expressed in velocity
units) and I =
√
Nph/Nph is the fractional Poisson er-
ror at pixel i.
We derive empirical relationships between photon
noise and fiber coupling efficiency by varying ρ as a
function of I-band magnitude and spectral type. Nomi-
nal LBT observing conditions for our simulations include
an I = 10, M4V star at an airmass of sec z = 1.4 with
30 minutes of integration time under θ = 1.1” seeing.
The Strehl ratio is estimated according to the SOUL
WFS upgrade which has taken place since the original
demonstrator measurements (Pinna et al. 2016). Resid-
ual tip-tilt errors are modeled with σtip/tilt = 8.8 mas
and NCPA errors (Z2,Z3) equivalent to ρ = 0.8.
Figure 10 shows photon noise limited RV precision as a
function of fiber coupling for M4V stars. Smooth curves
show the empirical relationship between fiber coupling
and σph. An asterisk (*) marked on each line indi-
cates expected values of ρ for a given magnitude based
on demonstrator results under nominal observing con-
ditions. The uncertainty is obtained by varying fiber
coupling coefficients according to results in previous sec-
tions.
Empirical curves in Figure 10 follow the expectation
that ρ is proportional to the number of photons arriving
(N), where σph ∝ 1/
√
N . This demonstrates variations
in fiber coupling efficiency improves RV precision in a
similar fashion to simply increasing the total number of
photons uniformly across the spectral band. However it
is important to note only the single-measurement pho-
ton noise is accounted for in these simulations. In the
presence of variable fiber alignment from one observa-
tion to the next, changes in chromatic fiber coupling ef-
ficiency introduce a systematic RV uncertainty (Bechter
et al. 2018). To fully asses the impact of fiber coupling
variations, these systematic RV uncertainties must be
taken into account.
Given assumptions for AO performance and coupling
degradation found in the demonstrator system, coupling
11
0 0.2 0.4 0.6 0.8 1
Fiber injection efficiency ( )
10-1
100
Ph
ot
on
 n
oi
se
, 
ph
 
(m
/s)
M4 Spectral Type
Figure 10. Photon noise (σph) as a function of fiber cou-
pling efficiency (ρ) for M4V stars. Stars (*) on each line mark
the expected value of ρ for a given magnitude. ρ is calcu-
lated using the nominal observational and conditions where
ρmax ≈ 0.78 based on LBT pupil geometry. Error bars indi-
cate uncertainty in RV precision by based on variable fiber
coupling conditions.
efficiencies slightly above 20% per LBT dish are ex-
pected for I = 7 − 9 M-stars. At these magnitudes,
simulations predicts σph ≤ 0.5m/s. In this region, im-
provements in fiber coupling on the order of 5-10% offer
a few cm/s improvement in RV precision. However, im-
proving ρ by a similar percent can dramatically improve
σph for faint stars (I ≈ 10− 12).
It should be emphasized that the RV precision mod-
eled in Figure 10 represents the theoretical photon noise
floor of an R ≈200k SMF instrument with: a simulta-
neous bandpass of (0.970-1.28)µm, 30 minutes of inte-
gration time, and the dual 8.4m apertures of the LBT.
Additional RV effects such as calibration errors and stel-
lar activity are not included, which can increase the
noise floor and degrade the true single-measurement pre-
cision (Bechter et al. 2018).
While current SMF coupling efficiency is lower than
MMFs, the total photon noise floor for iLocater is com-
pensated largely by the LBT primary mirrors. For com-
parison, we note the existing precision of CARMENES
instrument, an R < 80k, extremely precise RV spectro-
graph located at the 3.5m telescope of the Calar Alto
Observatory. CARMENES has a visible light arm which
routinely achieves an internal precision of 1.6 m/s (Quir-
renbach et al. 2018). The near infrared arm has also
been shown to derive an internal precision less than
2m/s on an M3.5V star with a I = 7.1 (Luyten’s star),
a precision near to the photon noise floor (Quirrenbach
et al. 2018). HARPS, a visible light spectrograph with
R = 115k and 3.6m aperture, is located at La Silla Ob-
servatory in Chile and has a single measurement preci-
sion of ≈ 0.8m/s for RV-quiet stars with SNR=200 (Fis-
cher et al. 2016). Integrating longer can improve single
measurement precision.
Although achieving efficient SMF injection presents
a challenge, benefits of the SMF spectrograph are pri-
marily in the calibration process and resolution. Unlike
MMFs, variations in the illumination of SMFs do not
result in focal ratio degradation nor modal noise; rather
the fiber’s output distribution is stable and decoupled
from variations in the input beam (Lemke et al. 2010;
McCoy et al. 2012; Schwab et al. 2012). Simultaneously,
the diffraction limited fiber core allows for high spec-
tral resolution while using a compact diffraction grat-
ing. This is important as resolutions of R ≥ 150k are
needed to measure and possibly compensate for stellar
activity (Davis et al. 2017). The combination of stable
spectrograph illumination and high resolution therefore
provides a promising alternative method to multi-modal
spectrograph optical designs.
10. CONCLUSIONS
On-sky AO-fed SMF coupling efficiency in the Y-band
has been demonstrated at the 10-25% level (absolute) at
the LBT. Physical effects degrading coupling efficiency
are separated into four coefficients: ρtel, ρstrehl, ρtip/tilt,
and ρncpa. Telescope pupil geometry limits the maxi-
mum coupling to 78%. The instantaneous Strehl ratio
was shown to limits the maximum fiber coupling to 20-
46% and is strongly correlated with SMF coupling. Our
calculations indicate that the demonstrator instrument
coupled approximately 60% of the available starlight af-
ter accounting for AO correction.
Further degradation from the theoretical maximum
coupling efficiency was caused by residual tip-tilt motion
and static aberrations. Tip-tilt residuals have similar
vibration signatures as the telescope structure, and de-
graded coupling by 9-23%. Beam stabilization in the 0-
30 Hz and 50-70 Hz bands will improve overall through-
put and reduce noise cause by image jitter in fiber align-
ment. Static aberrations and fiber alignment combined
resulted in an additional 20% loss. The principal of
measuring NCPA has been demonstrated through use
of MGS phase retrieval, which can improve AO system
offsets and boost the Strehl ratio in the fiber channel.
A summary of fiber coupling coefficients can be found
in Table 2.
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Table 2. Summary
ρtel ρStrehl ρtiptilt ρncpa ρtotal
0.78 0.33± 0.13 0.84± 0.7 ≈ 0.80 0.18± 0.7
Note—Fiber coupling terms, ρ, including telescope
pupil, tel, the Strehl ratio, strehl, tip-tilt residuals,
tip/tilt, and static aberrations ncpa
The simulated photon-noise-limited RV precision
show promise to achieve σph ≤ 1 m/s for bright stars
(I = 7− 10) and σph 1− 10 m/s for fainter magnitudes
(I = 11, 12). Modest improvements in fiber coupling
(5-10%) may improve RV precision of faint stars at the
m/s level and bright stars at the cm/s level. Additional
consideration should be given to the impact of variable
chromatic coupling efficiency when testing the repeat-
ably of beam alignment and beam stability methods.
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APPENDIX
A. CHARACTERIZATION DETAILS
.
Table 3. Analysis Summary
ID Set # AO modes Fiber Coupling Strehl σ(mas) δ (mas/min) Time (s) fps (Hz) γsr γtip/tilt
HD 89758 I 300 0.14 ±0.02 0.19 ±0.03 8.8 0.29 190 123.8 * *
HD 89758 II 300 0.12 ±0.02 0.18 ±0.03 8.2 0.91 80 123.8 0.88 0.68
HD 89758 III 300 0.09 ±0.02 0.14 ±0.02 10.2 2.76 80 123.8 0.65 0.63
HD 89758 IV 300 0.11 ±0.02 0.16 ±0.03 9.2 0.17 80 123.8 0.83 0.41
HD 89758 V 300 0.11 ±0.03 0.18 ±0.04 10.5 0.11 800 123.8 0.77 0.56
HD 89758 VI 153 0.08 ±0.01 0.20 ±0.02 12.3 0.45 16k 34.9 0.69 0.37
SA0 82686 I 300 0.22 ±0.02 0.28 ±0.04 8.1 0.29 90 130 * *
SA0 82686 II 400 0.22 ±0.02 0.28 ±0.02 7.4 0.17 380 130 0.51 0.28
HD 113496 I 400 0.22 ±0.01 0.28 ±0.03 4.8 1.49 55 58.4 0.72 0.33
Closed Dome DX I - - 0.83±0.01 11.1 2.41 30 3.1k - -
Closed Dome SX I - - 0.83±0.01 10.2 2.46 30 3.1k - -
Note—Fiber coupling, Strehl ratio, and centroid scatter statistics for on-sky targets and closed dome calibration measurements
including correlation parameters. The set # distinguishes separate observations of the same target. γStrehl is the correlation
coefficient between fiber coupling and Strehl. Not all observations included simultaneous measurements of Strehl ratio and
fiber coupling. These sets are marked with an asterisk (*). Observations without simultaneous fiber coupling and image data
report statistics on complete sets while those with substantial time overlap report results on only the overlapping time period.
σtip/tilt is the 1σ scatter over the full observation, and δ is the systemic centroid drift. Elapsed time is the approximate
duration of each data set and fps is frame rate. γtip/tilt is the correlation between fiber coupling and tip-tilt residuals.
13
REFERENCES
Bechter, A., Bechter, E., Crepp, J. R., Crass, J., & King, D.
2018, 248. http://dx.doi.org/10.1117/12.2313658
Bechter, A., Crass, J., Ketterer, R., et al. 2015, in
Techniques and Instrumentation for Detection of
Exoplanets VII, ed. S. Shaklan, Vol. 9605 (International
Society for Optics and Photonics), 96051U.
http://proceedings.spiedigitallibrary.org/proceeding.
aspx?doi=10.1117/12.2188426
Bechter, A., Crass, J., Ketterer, R., et al. 2016, in Adaptive
Optics Systems V, Vol. 9909, 99092X.
http://dx.doi.org/10.1117/12.2233153
Bechter, E. B., Bechter, A. J., Crepp, J. R., Crass, J., &
King, D. 2019, Publications of the Astronomical Society
of the Pacific, 131, arXiv:1812.01649.
http://dx.doi.org/10.1088/1538-3873/aaf278
Bikkannavar, S., Redding, D., Green, J., et al. 2010, in
Modern Technologies in Space- and Ground-based
Telescopes and Instrumentation, Vol. 7739 (International
Society for Optics and Photonics), 77392X.
http://proceedings.spiedigitallibrary.org/proceeding.
aspx?doi=10.1117/12.858980
Blake, C., Johnson, J., Plavchan, P., et al. 2015, American
Astronomical Society, AAS Meeting #225, id.257.32, 225.
http://adsabs.harvard.edu/abs/2015AAS...22525732B
Bland-Hawthorn, J., Lawrence, J., Robertson, G., et al.
2010, in Ground-based and Airborne Instrumentation for
Astronomy III, ed. I. S. McLean, S. K. Ramsay, &
H. Takami, Vol. 7735 (International Society for Optics
and Photonics), 77350N.
http://proceedings.spiedigitallibrary.org/proceeding.
aspx?doi=10.1117/12.856347
Burruss, R. S., Serabyn, E., Mawet, D. P., et al. 2010, in
Adaptive Optics Systems II, ed. B. L. Ellerbroek,
M. Hart, N. Hubin, & P. L. Wizinowich, Vol. 7736
(International Society for Optics and Photonics),
77365X. http://proceedings.spiedigitallibrary.org/
proceeding.aspx?doi=10.1117/12.857544
Butler, R. P., Marcy, G. W., Williams, E., et al. 1996,
Publications of the Astronomical Society of the Pacific,
108, 500.
http://iopscience.iop.org/article/10.1086/133755
Ciardi, D. R., Beichman, C. A., Horch, E. P., & Howell,
S. B. 2015, Astrophysical Journal, 805, 16.
http://stacks.iop.org/0004-637X/805/i=1/a=16?key=
crossref.9eae8de02b7071fdcd11f349eb61b897
Crepp, J. R. 2014, Science, 346, 809.
http://dx.doi.org/10.1126/science.1262071
Crepp, J. R., Crass, J., King, D., et al. 2016, in
Ground-based and Airborne Instrumentation for
Astronomy VI, ed. C. J. Evans, L. Simard, & H. Takami,
Vol. 9908 (International Society for Optics and
Photonics), 990819.
http://proceedings.spiedigitallibrary.org/proceeding.
aspx?doi=10.1117/12.2233135
Davis, A. B., Cisewski, J., Dumusque, X., Fischer, D. A., &
Ford, E. B. 2017, The Astrophysical Journal, 846, 59.
http://dx.doi.org/10.3847/1538-4357/aa8303
Dekany, R., Roberts, J., Burruss, R., et al. 2013,
Astrophysical Journal, 776, 130.
http://stacks.iop.org/0004-637X/776/i=2/a=130?key=
crossref.6cdf82f375a71c9c2c63a25f2d294a25
Esca´rate, P., Christou, J. C., Rahmer, G., et al. 2018, in
Adaptive Optics Systems VI, ed. D. Schmidt,
L. Schreiber, & L. M. Close, Vol. 10703 (SPIE), 166.
https://www.spiedigitallibrary.org/
conference-proceedings-of-spie/10703/2313882/
Vibration-environment-of-the-LBTOAO-system/10.
1117/12.2313882.full
Esposito, S., Riccardi, A., Fini, L., et al. 2010, in Adaptive
Optics Systems II, ed. B. L. Ellerbroek, M. Hart,
N. Hubin, & P. L. Wizinowich, Vol. 7736 (International
Society for Optics and Photonics), 773609.
http://proceedings.spiedigitallibrary.org/proceeding.
aspx?doi=10.1117/12.858194
Fischer, D. A., Anglada-Escude, G., Arriagada, P., et al.
2016, Publications of the Astronomical Society of the
Pacific, 128, 66001. http://eprv.astro.yale.edu.1
Green, J. J., Redding, D. C., Shaklan, S. B., & Basinger,
S. A. 2003, in High-Contrast Imaging for Exo-Planet
Detection, ed. A. B. Schultz & R. G. Lyon, Vol. 4860
(International Society for Optics and Photonics), 266.
http://proceedings.spiedigitallibrary.org/proceeding.
aspx?doi=10.1117/12.457883
Guyon, O. 2003, Astronomy and Astrophysics, 404, 379.
http://dx.doi.org/10.1051/0004-6361:20030457
Halverson, S., Roy, A., Mahadevan, S., et al. 2015,
Astrophysical Journal, 806, arXiv:1505.07463v1.
http://www.edmundoptics.com/
Harris, R. J., Tepper, J., Davenport, J. J., et al. 2018, in
Advances in Optical and Mechanical Technologies for
Telescopes and Instrumentation III, ed. R. Navarro &
R. Geyl, Vol. 10706, International Society for Optics and
Photonics (SPIE), 157 – 171.
https://doi.org/10.1117/12.2312009
Hippler, S. 2018, Journal of Astronomical Instrumentation,
08, 1950001. http://arxiv.org/abs/1808.02693
14 Bechter A. et al.
Hottinger, P., Harris, R. J., Dietrich, P.-I., et al. 2018, in
Advances in Optical and Mechanical Technologies for
Telescopes and Instrumentation III, ed. R. Geyl &
R. Navarro, Vol. 10706 (SPIE), 77.
http://dx.doi.org/10.1117/12.2312015
Jovanovic, N., Guyon, O., Martinache, F., Schwab, C., &
Cvetojevic, N. 2014, in Ground-based and Airborne
Instrumentation for Astronomy V, ed. S. K. Ramsay,
I. S. McLean, & H. Takami, Vol. 9147 (International
Society for Optics and Photonics), 91477P.
http://proceedings.spiedigitallibrary.org/proceeding.
aspx?doi=10.1117/12.2057210
Jovanovic, N., Schwab, C., Cvetojevic, N., Guyon, O., &
Martinache, F. 2016a, Publications of the Astronomical
Society of the Pacific, 128, arXiv:1609.06388.
http://dx.doi.org/10.1088/1538-3873/128/970/121001
Jovanovic, N., Cvetojevic, N., Schwab, C., et al. 2016b, in
Ground-based and Airborne Instrumentation for
Astronomy VI, ed. C. J. Evans, L. Simard, & H. Takami,
Vol. 9908 (International Society for Optics and
Photonics), 99080R.
http://proceedings.spiedigitallibrary.org/proceeding.
aspx?doi=10.1117/12.2234299
Jovanovic, N., Schwab, C., Guyon, O., et al. 2017,
Astronomy and Astrophysics, 604, arXiv:1706.08821.
http://dx.doi.org/10.1051/0004-6361/201630351
Lemke, U., Corbett, J., Allington-Smith, J., & Murray, G.
2010, Modern Technologies in Space- and Ground-based
Telescopes and Instrumentation, 7739, 773924
Mawet, D., Ruane, G., Xuan, W., et al. 2017, The
Astrophysical Journal, 838, 92.
http://stacks.iop.org/0004-637X/838/i=2/a=92?key=
crossref.b214f694afac6e726e521ecbcbf6f1b6
McCoy, K. S., Ramsey, L., Mahadevan, S., Halverson, S., &
Redman, S. L. 2012, in Ground-based and Airborne
Instrumentation for Astronomy IV, ed. I. S. McLean,
S. K. Ramsay, & H. Takami, Vol. 8446, International
Society for Optics and Photonics (SPIE), 1161 – 1168.
https://doi.org/10.1117/12.926287
Noll, R. J. 1976, J Opt Soc Am, 66, 207. https://www.
osapublishing.org/abstract.cfm?URI=josa-66-3-207
Pinna, E., Esposito, S., Hinz, P., et al. 2016, in Adaptive
Optics Systems V, ed. E. Marchetti, L. M. Close, & J.-P.
Ve´ran, Vol. 9909 (International Society for Optics and
Photonics), 99093V.
http://proceedings.spiedigitallibrary.org/proceeding.
aspx?doi=10.1117/12.2234444
Quirrenbach, A., Amado, P. J., Ribas, I., et al. 2018, in
Ground-based and Airborne Instrumentation for
Astronomy VII, ed. H. Takami, C. J. Evans, & L. Simard,
Vol. 10702 (SPIE), 32. https://www.spiedigitallibrary.
org/conference-proceedings-of-spie/10702/2313689/
CARMENES--high-resolution-spectra-and-precise-radial-velocities-in/
10.1117/12.2313689.full
Roberts, Jr., L. C., Perrin, M. D., Marchis, F., et al. 2004,
in Advancements in Adaptive Optics, Vol. 5490
(International Society for Optics and Photonics), 504.
http://proceedings.spiedigitallibrary.org/proceeding.
aspx?doi=10.1117/12.549115
Robertson, J. G., & Bland-Hawthorn, J. 2012,
Ground-based and Airborne Instrumentation for
Astronomy IV, 8446, 844623.
http://dx.doi.org/10.1117/12.924937
Ross, T. S. 2009, Applied Optics, 48, 1812. https://www.
osapublishing.org/abstract.cfm?URI=ao-48-10-1812
Ruilier, C., & Cassaing, F. 2001, Journal of the Optical
Society of America A, 18, 143. https://www.
osapublishing.org/abstract.cfm?URI=josaa-18-1-143
Schwab, C., Leon-Saval, S. G., Betters, C. H.,
Bland-Hawthorn, J., & Mahadevan, S. 2012in , 403–406.
http://arxiv.org/abs/1212.4867
Serabyn, E., Mennesson, B., Martin, S., et al. 2010, in
Optical and Infrared Interferometry II, Vol. 7734
(International Society for Optics and Photonics), 77341E.
http://proceedings.spiedigitallibrary.org/proceeding.
aspx?doi=10.1117/12.857753
Shaklan, S., & Roddier, F. 1988, Applied Optics, 27, 2334.
https://www.osapublishing.org/abstract.cfm?URI=
ao-27-11-2334
Sivaramakrishnan, A., Koresko, C. D., Makidon, R. B.,
Berkefeld, T., & Kuchner, M. J. 2001, The Astrophysical
Journal, 552, 397.
http://stacks.iop.org/0004-637X/552/i=1/a=397
Snyder, A. W., & Love, J. D. J. D. 1983, Optical waveguide
theory (Chapman and Hall), 734
Wagner, R. E., & Tomlinson, W. J. 1982, Applied Optics,
21, 2671. https://www.osapublishing.org/abstract.cfm?
URI=ao-21-15-2671
Wang, J., Mawet, D., Ruane, G., Hu, R., & Benneke, B.
2017, The Astronomical Journal, 153, 183.
http://stacks.iop.org/1538-3881/153/i=4/a=183?key=
crossref.4d38296cac6f166844e2fcdaaab6494b
